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Introduction
Functional connectivity (FC) metrics identify statistical (undirected) associations among spatially 78 distinct brain areas. Electroencephalography (EEG) and magnetoencephalography (MEG) represent 79 popular neuroimaging modalities for the estimation of FC owing to their high temporal resolution, in 80 the order of milliseconds. However, both EEG and MEG suffer from volume conduction, which results 81 from the instantaneous propagation of electric fields generated by a primary current source to all (or 82 most) of the on-scalp sensors. Because of this linear mixing of different sources on the same sensor, 83 common methods for FC estimation, such as coherence or mutual information, may lead to the 84 identification of apparent functional couplings that do not reflect true brain inter-regional interactions 85 [1]- [3] . To overcome this problem, several new FC methods have been specifically designed to 86 minimize the impact of volume conduction effects. In particular, the weighted Phase Lag Index (wPLI, 87 [1] ) and the weighted Symbolic Mutual Information (wSMI, [4] ), represent examples of spectral 88 (wPLI) and information-theoretic (wSMI) connectivity estimation methods that are increasingly 89 applied to both EEG and MEG data [5]- [14] . These two connectivity metrics are modified versions of 90 pre-existing methods (PLI [1] , [15] ; SMI [4] ) that minimise the contribution of zero-lag interactions 91 potentially determined by volume conduction. These approaches are thus expected to allow identifying 92 true time-lagged functional couplings [16]- [20] in the activity of underlying brain sources, while 93 excluding apparent zero-lag connectivity driven by a mixture of real and spurious relationships [21] , 94 [22]. 95 Both wPLI and wSMI have been applied to explore brain functional dynamics associated with different 96 behavioural states [6], [7] or potential network-level alterations in pathological conditions (e.g., 97 Alzheimer's disease [8] , schizophrenia [9] and social anxiety disorder [14] ). Interestingly, they have 98 also been suggested to allow the identification of variations in functional integration, accompanying 99 changes in the level of consciousness, following severe brain injury or under anesthesia [4], [10]- [13] , 100 [23], [24] . For instance, King and colleagues [4] found that wSMI connectivity between centro-101 posterior areas and other brain regions is higher in healthy conscious individuals as compared to 102 patients with unresponsive wakefulness syndrome (UWS) or in a minimally conscious state (MCS). 103 Similarly, Chennu and colleagues [10] , [24] showed that alpha-band wPLI-based functional networks 104 differ between healthy individuals and patients with disorders of consciousness (UWS, MCS). In line 105 with this, previous studies [13] , [23] also showed that propofol sedation in healthy individuals is 106 associated with a decrease in alpha-band wPLI [23] and a relative increase in delta-band wPLI 107 connectivity [13] . 108 In spite of these promising findings, it is currently unclear whether the two methods provide a similar 109 description of brain inter-regional relationships, or account instead for distinct types of functional 110 interactions. In fact, wPLI [1] is a measure of phase synchronisation that may account for linear 111 interactions but is also expected to be sensitive to nonlinear couplings [25] , [26] . On the contrary, 112 wSMI [4] is thought to reveal nonlinear relationships due to its grounding in information theory [27] . 113 However, the actual performance of the two methods at detecting distinct types of connectivity 114 dynamics has never been directly compared in simulated or real experimental data. 115 Therefore, here we used simulated high-density (hd-)EEG data to specifically investigate and compare 116 the accuracy of wPLI and wSMI in identifying different types of interaction dynamics, including both 117 linear and nonlinear dependencies. In addition, to evaluate the potential impact of differences between 118 the two methods on the analysis of real experimental data, we tested wPLI and wSMI on hd-EEG 119 recordings collected from human participants in distinct behavioural states, namely wakefulness and 120 deep (N3-)sleep, typically characterised by markedly different levels of consciousness [28] . In light of 121 previous observations suggesting that the two methods may allow the detection of differences in the 122 level of consciousness [4], [10], [12] , [23], we expected both wPLI and wSMI connectivity to differ 123 between wakefulness and N3-sleep. However, here we also asked whether the two connectivity metrics 
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Simulation of hd-EEG data.The MATLAB-based (The MathWorks, Inc., Natick, Massachusetts, 131 USA) 'Berlin Brain Connectivity Benchmark' (BBCB) framework [29] was used to simulate realistic 132 hd-EEG recordings (108 channels, 500Hz, 120s). In particular, the simulated electrical activity was 133 generated by imposing bivariate relationships between two cortical sources, which were then projected 134 at scalp level using a biophysically realistic model of electrical current propagation in the head. The 135 adopted model was based on the standard ICBM152 anatomical template [30] and included 6 tissue 136 types: scalp, skull, air cavities, gray matter, white matter and cerebrospinal fluid (CSF). 137 We modeled both intra-and inter-hemispheric interactions between pairs of cortical sources ( Figure   138 1). Specifically, the first source was placed either in left (LIPL) or right (RIPL) inferior parietal lobule, 139 while the second source was kept in the right middle frontal gyrus (RMFG). The choice of these 140 locations was motivated by previous neuroimaging studies showing that resting state activity of these 141 areas is modulated by the level and content of consciousness [31]- [34] . For the sake of simplicity, 142 only two interacting sources at a time were considered: LIPL-RMFG (inter-hemispheric) and RIPL-143 RMFG (intra-hemispheric). 144 As detailed below, we simulated nine different coupling relationships between the two sources, which 145 differed in the type and relative degree of linear and nonlinear components. For each pair of source 146 locations (LIPL-RMFG and RIPL-RMFG) and each type of simulated source coupling dynamics we 147 also modelled 100 different signal-to-noise ratios (SNR; from 0.01 to 1, with steps of 0.01), which 148 describe the weighting of simulated source signals with respect to simulated background activity. As 149 detailed below, 100 different background noise patterns were obtained for each considered SNR. 150 Specifically, brain noise ( ) was generated by placing 500 mutually statistically independent time- The weighted phase-lag index [1] is an extension of PLI, in which contributions of angle differences 213 are scaled according to their distance from the real axis to address potential further volume conduction 214 confounds:
The wPLI is based only on the imaginary component of the cross-spectrum, and thus implies 219 robustness to noise compared to coherence, as uncorrelated noise sources cause an increase in signal 
The wSMI can lead to negative values, given that it is a weighted mutual information measure, a form segments for any of the seven considered frequency ranges (i.e., threshold = median PSD ± 2 median 316 absolute deviations (MAD)) were excluded from the random selection procedure (see Figure S2 ). 317 For each condition and channel, the median wPLI and wSMI connectivity of each electrode to all other 318 scalp electrodes was computed in all epochs for the 0.5-12 Hz frequency range (i.e., as in simulated 319 data). The median one-to-all connectivity of each electrode was computed and compared to the average 320 of the median one-to-all connectivity across surrogate datasets (1000 iterations) generated through Figure 4A shows the mean accuracy of wPLI and wSMI (averaged over all SNRs) 364 computed for each source pairing (intra/inter-hemispheric) and tested interaction dynamics. Figure 4B   365 shows the whole-brain accuracy at each SNR. Of note, the accuracy of the two connectivity measures 366 was similar for intra-and inter-hemispheric connections. The performance of both metrics was similar 367 for the linear relationship in the broadband (0.5-12 Hz) signal. However, wPLI showed higher accuracy 368 than wSMI in the intra-hemispheric case when connectivity in the alpha-band (8-12 Hz; corresponding 369 to the range in which the interaction was modelled), was specifically considered ( Figure S3 ). Simulated data -topographic connectivity. The topographic accuracy was defined as the proportion 393 of simulated EEG datasets in which the connectivity between the two electrodes closest to the cortical 394 sources passed the 95th percentile of all other electrode pairings. Results are similar to those described 395 for whole brain accuracy ( Figure 5 ). For the linear dynamics, wPLI and wSMI showed again similar 396 mean accuracies, but wPLI tended to show higher accuracy for low SNRs (0.05-0.09) and high SNRs 397 (> 0.94). Accuracy of wPLI (but not of wSMI) further improved for band-limited connectivity in the 398 alpha-range (8-12 Hz; Figure S3 ), especially for low SNRs (0.04-0.08) as well as high SNRs (≥ 0.87). 399 For both Hénon and Ikeda iterated maps, the mean topographic accuracy of wPLI was significantly 400 higher than the mean topographic accuracy of wSMI. Specifically, in the Hénon case, wPLI had higher (Figures 7, 7B ). In line with these observations, the direct 429 contrast between wakefulness and N3-sleep also revealed distinct changes based on wPLI and wSMI 430 (Figures 6, 7C) . Specifically, while wSMI connectivity was significantly higher for wakefulness as 431 compared to N3-sleep in all areas, there were no statistically significant differences in wPLI between 432 these two states of vigilance. Further analyses focusing on classical frequency bands (delta: 0.5-4Hz, theta: 4-8Hz, alpha: 8-12Hz), 453 showed that both wPLI and wSMI were higher in wakefulness than in sleep within the alpha-band 454 (Figures 8-9 ). However, wPLI was also lower in wakefulness relative to N3 in the delta-band (no 455 differences in theta), while wSMI was lower for wakefulness in the theta-band (no differences in delta). The wPLI [1] and the wSMI [4] are two robust functional connectivity approaches increasingly applied 476 to M/EEG data, because of their relative immunity to volume conduction effects [5]- [12] , [14] , [20] . 477 Here we set out to investigate whether the two methods are able to capture overlapping or 478 complementary information regarding variations in brain inter-regional interactions. By combining 479 analyses on simulated hd-EEG data and real hd-EEG recordings collected in different states of 480 vigilance, we demonstrated that wPLI has an optimal sensitivity for interaction dynamics presenting a 481 mixture of linear and nonlinear components, whereas wSMI has higher sensitivity to predominantly 482 nonlinear dynamics. Given that the brain is a highly complex system typically characterised by both 483 linear and nonlinear interaction dynamics [58] , it may be better described through the combined use 484 of different measures [26] . Consistent with this view, our results suggest that the conjoint use of wPLI 485 and wSMI may allow researchers to measure complementary information about FC interactions, and 486 thus to better describe relative changes associated with distinct behavioural states.
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Performance of wPLI and wSMI in simulated data. The Berlin Brain Connectivity Benchmark 489 (BBCB) framework [29] was adapted and employed to generate hd-EEG recordings in sensor-space. 490 This framework allowed us to model different interaction dynamics between two cortical sources, 491 noise with temporal and spatial structure as well as source mixing due to volume conduction, in a 492 highly realistic electromagnetic volume conductor (head) model. In particular, we generated 493 interaction dynamics with different degrees and types of nonlinearity, from linear to exclusively 494 nonlinear, and specifically tested the sensitivity of wPLI and wSMI at detecting these inter-regional 495 dependencies. Of note, for each of the tested dynamics, we also tested two different source locations 496 (intra-and inter-hemispheric interactions) and different signal-to-noise ratios (SNR). Our results 497 showed that the phase-based measure wPLI performs generally better at detecting inter-regional 498 couplings presenting both linear and nonlinear components. Only in two of the more complex 499 nonlinear coupling cases (Lorenz (x,z) and Lorenz (y,z)), characterised by non-significant cross-500 correlation values (see Figures 4 and 5) , wPLI had a very low accuracy. Contrarily, the information-501 theoretic measure wSMI had a significantly higher accuracy for these two interaction dynamics, but 502 performed significantly worse for the Hénon-and Ikeda-based couplings. In particular, the very low 503 accuracy reached by wSMI in the Hénon case may be explained by the high similarity of the source 504 time-series (one time-series represents the scaled and lagged copy of the other one), which may 505 resemble typical results of spurious correlation due to volume conduction. In this respect, the 506 weighting approach applied to wSMI, which actually entirely removes, rather than modulates, the 507 contribution of almost-synchronous variations in EEG signals, may have led to very low connectivity 508 values. 509 With few exceptions, the accuracies of wPLI and wSMI were very similar for intra-and inter-510 hemispheric interactions, and the detection accuracy of both methods tended to increase with an 511 increase in SNR. Of note, however, the spatial (topographic) accuracy of wSMI (but not the whole-512 brain accuracy based on median global connectivity) showed instead a decrease at high SNRs for linear 513 and Rössler interactions. This accuracy reduction may be related to an increase in the spatial spreading 514 of the source signals to more distant scalp electrodes with increasing SNRs, which may have led a 515 greater proportion of electrodes to detect the underlying functional coupling (loss of spatial resolution). 516 Moreover, at high SNRs a relative 'cross-contamination' may be expected to occur between the two 517 electrodes spatially closest to the interacting sources. In particular, the activity of one source may be 518 'volume-conducted' to the electrode closest to the other source (and vice-versa). Due to the particular 519 weighting approach used for wSMI, the increased similarity between the signals of these particular 520 channels may limit the maximum attainable connectivity strength, thus reducing the relative difference 521 with respect to all other electrode pairings. On the other hand, such effects of volume conduction at 522 high SNRs can be expected to have had only a marginal impact on (or even to improve) the estimation 523 18 of whole-brain accuracy with respect to null-datasets generated from point-or phase-shuffled time-524 series. The relative difference in the effects of volume conduction for topographic and whole-brain 525 detection accuracy may also contribute to explain the reduced intra-hemispheric (vs. inter-526 hemispheric) wSMI topographic accuracy observed in the Rössler (x,y) case. 527 Overall, our results demonstrated that wPLI, as a measure of phase synchronization, performs 528 generally better at detecting functional couplings presenting a mixture of linear and nonlinear 529 dynamics, whereas wSMI, fundamentally rooted in mutual information, has higher sensitivity for 530 exclusively nonlinear dynamics, such as Lorenz (x,z) and Lorenz (y,z) dynamics. Importantly, present 531 results also demonstrated that both wPLI and wSMI are characterised by a high spatial (topographic) 532 accuracy, thus supporting their use in graph theoretical analysis. . 548 Here we showed that N3-sleep is associated with a significant and diffuse decrease in wSMI 549 connectivity within the 0.5-12 Hz frequency range. Such difference appeared particularly prominent 550 in posterior brain areas. In contrast, we observed no significant differences between wakefulness and 551 N3-sleep in broadband (0.5-12Hz) wPLI connectivity. A band-limited analysis revealed that changes 552 in wSMI were mainly driven by an overall decrease in alpha (8-12 Hz) connectivity in N3 relative to 553 wakefulness. Of note, alpha-band wPLI connectivity also showed a similar, but more localized, 554 decrease during N3-sleep, especially in posterior areas. These results are in line with previous work 555 showing that the transition into unconsciousness due to sedation or physiological sleep (stage N1/N2) 556 is associated with a decrease in alpha wPLI-connectivity [12] , Similarly, alpha-band wSMI has been found to be lower in UWS as compared to MCS patients [11] . 562 Therefore, our findings indicate that both wPLI and wSMI may be suited to capture variations in alpha-563 connectivity associated to relative changes in vigilance and/or responsiveness to the environment. 564 However, wPLI and wSMI also identified distinct variations within the other frequency bands. In fact, 565 wSMI identified a diffuse increase in theta (4-8 Hz; but not delta) connectivity during sleep, while 566 wPLI revealed a relative increase in delta (0.5-4 Hz; but not theta) connectivity. Importantly, the 567 change in delta-wPLI is consistent with the presence of traveling slow waves during sleep [67] as well 568 as with a recent similar observation of increased parietal and parieto-frontal delta-wPLI connectivity 569 during propofol sedation [13] and midazolam-based anesthesia [12] . Moreover, wPLI in the 570 delta/theta-band has been shown to be increased in patients with disorders of consciousness (UWS, 571 MCS), relative to healthy awake subjects [10] . 572 In summary, the analysis of wPLI-and wSMI-based connectivity in different states of vigilance 573 confirmed our findings in simulated data, indicating that the two methods are sensitive to distinct brain 574 dynamics. While an in-depth characterization of the differences in FC between wakefulness and sleep 575 was beyond the scope of the present work, our results also suggest that wakefulness may be 576 characterised by a mixture of 'simple' (i.e., mainly linear; better described by wPLI) and more complex 577 (i.e., mainly nonlinear) interactions (better described by wSMI) in the alpha range, while sleep may be 578 dominated by 'simpler' delta-band connectivity (better captured by wPLI), likely reflecting the 579 occurrence of traveling slow waves. This interpretation is in line with previous observation indicating 580 that N3 is associated with lower complexity or entropy [58] , [68] as compared to wakefulness.
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Conclusions. Our study demonstrates that wPLI and wSMI connectivity metrics provide distinct but 583 complementary information about inter-regional interactions and indicate that the combined use of 584 these two methods may provide a better and more complete characterization of brain functional 585 dynamics within and across distinct behavioural states. In particular, we showed that while wPLI 586 displays an optimal sensitivity for interaction dynamics with linear and nonlinear components, wSMI 587 has a higher sensitivity for predominantly nonlinear dynamics. We also showed that this finding may 588 have significant implications for the analysis of functional connectivity in states of vigilance associated 589 with different levels of consciousness. In light of recent evidence indicating that the independent 590 application of wPLI and wSMI connectivity metrics may allow to identify changes in brain 591 connectivity associated with variations in the level of consciousness, our results point to their possible 592 combined use as a powerful tool to increase their accuracy and predictive value. Nonetheless, our 593 findings may also have more general implications for the study of functional connectivity in a wide 594 variety of behavioural conditions, characterised by distinct underlying brain dynamics. 595 596 597
